Although we have recently demonstrated that spinal astrocyte gap junctions mediate the development of mirror-image pain (MIP), it is still unclear which astrocyte-derived factor is responsible for the development of MIP and how its production is controlled. In the present study, we focused on the role of ipsilateral versus contralateral D-serine in the development of MIP and investigated the possible involvement of σ1 receptors and gap junctions in astrocyte D-serine production.
Introduction
Inflammation or trauma on one side of body can induce pathological pain on the contralateral non-injured side, called 'mirror-image pain (MIP)' (Cheng et al., 2014; Choi et al., 2015) . MIP is typically characterized by a delayed onset as compared to the ipsilateral side, and it is generally observed as a form of mechanical hypersensitivity (Schreiber et al., 2008) . While the mechanisms responsible for the development of MIP are still under investigation, recent studies have focused on astrocyte sensitization and the involvement of the astrocyte network in the spread of nociceptive signals from the ipsilateral to the contralateral side of the spinal cord (Spataro et al., 2004; Choi et al., 2016a) . We hypothesize that the astrocytic network is responsible for the development of MIP, and thus, the present study is designed to determine if astrocyte-derived D-serine is responsible for the development of MIP and to examine how the production of this factor is controlled.
D-serine is synthesized from L-serine through activation of serine racemase (SeRa) in astrocytes, and it serves as an endogenous co-agonist for the glycine site on the NMDA receptor (Panatier et al., 2006; Moon et al., 2015) . Because NMDA receptors are expressed in both astrocytes and neurons (Verkhratsky and Kirchhoff, 2007) , activation of NMDA receptors amplifies postsynaptic activity (Porres et al., 2011; Hunt and Castillo, 2012) and facilitates neuron-glial intercellular communication by stimulating neighbouring neurons and glial cells (Lalo et al., 2006; Moon et al., 2015) . In this regard, astrocyte Ca 2+ transients evoke a long-term potentiation of local neuronal responses, which depends on the astrocyte-induced release of D-serine and ATP (Bazargani and Attwell, 2016) . As a result, it has been proposed that astrocyte-derived D-serine facilitates astrocyte and/or neuronal NMDA receptor potentiation (Henneberger et al., 2010; Lefevre et al., 2015) and by extension, promotes the interaction between astrocytes and neurons resulting the development of mechanical allodynia (Ren and Dubner, 2008) . These findings imply the possibility that activated astrocyte-derived D-serine can be a key factor for the development of MIP.
The sigma non-opioid intracellular receptor 1 (σ1 receptor) is a unique ligand-operated molecular chaperone receptor predominantly localized to astrocytes in the spinal cord (Moon et al., 2014) . Because σ1 receptors have been implicated in Ca 2+ -dependent second messenger cascades, the direct activation of σ1 receptors can mediate various biological processes including an initiation of mechanical allodynia Maurice and Su, 2009 ). Previous studies from our laboratories have demonstrated that activation of σ1 receptor provokes the mechanical allodynia in a neuropathic pain model through the upregulation of D-serine production from astrocytes Choi et al., 2016b) . These observations provide evidence for our second hypothesis that activation of σ1 receptors modulates the production of D-serine. From a communication standpoint, astrocytes are connected to one another by gap junctions and form an astrocyte network in the CNS. This distinguishing property of astrocytes enables the astrocyte network to serve as an important pathway for local spinal cord nociceptive signal spreading to distance sites, including the contralateral side (Hansson, 2006; Del Valle et al., 2009) . Increased intracellular IP 3 molecules or free-Ca 2+ ions can diffuse through astrocyte gap junctions, termed Ca 2+ oscillations, which can alter the biological activity of astrocytes located at distant sites and ultimately influence synaptic activity or glia-neuronal interactions at these sites (Scemes et al., 2000; Munoz et al., 2015) . In this regard, astrocyte gap junction-mediated communication has been proposed as a potential mechanism for D-serine production at distant locations (Henneberger et al., 2010) . The present study used a rodent carrageenan-induced inflammatory pain model to investigate our hypotheses and to determine (1) the potential role of astrocyte D-serine in the development of MIP and (2) the roles that σ1 receptors and astrocyte gap junctions play in astrocyte D-serine production in MIP.
Methods

Animal preparation
Male Sprague-Dawley rats (280-290 g) were purchased from The Laboratory Animal Centre of Seoul National University (SNU). The rats had free access to food and water throughout the investigation and were housed in standard temperature and light controlled rooms (24 ± 2°C, 12/12 h light/dark cycle with lights on at 07:00 h) for at least 1 week prior to beginning any experiments. All of the animal experimental procedures used in this study were approved and reviewed by the SNU Animal Care and Use Committee and were performed according to guidelines established by NIH (NIH publication No. 86-23, revised 1985) . Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Peripheral inflammation was induced by intraplantar injection of 200 μL of 2% λ-carrageenan (Sigma, St. Louis, MO, USA) into the left hindpaw. Sham animals received 200 μL of sterile PBS into the left hindpaw. Intraplantar injection of carrageenan or PBS was performed under light anaesthesia with 3% isoflurane in a mixture of N 2 O/O 2 gas.
Drugs and intrathecal injection
The following drugs were used: D-serine (1, 10 and 100 μg; Sigma); D-amino acid oxidase (DAAO) (0.01 and 0.1 U; Sigma), an endogenous D-serine degrading enzyme; L-serine O-sulfate potassium (LSOS) (10 and 100 nmol; Santa Cruz, CA, USA), a SeRa inhibitor; N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino) ethylamine dihydro-bromide (BD1047; Tocris Bioscience, Bristol, UK) (100 nmol), a σ1 receptor antagonist; carbenoxolone (CBX) (0.04 μmol; Sigma), a potent gap junctional decoupler; and 43 Gap26 (Gap26) (0.1 nmol; Anaspec, Fremont, CA, USA), a specific connexin 43 (Cx43) mimetic blocking peptide. The doses of D-serine were selected based on doses previously reported in the literature (Yoon and Yaksh, 1999; Lefevre et al., 2015) . Two different doses of DAAO and LSOS were selected, and the doses used were based on those used in previous studies from our laboratories. The two doses of each drug were chosen because they were found to have either no effect (low dose) or a pharmacological effect (higher dose) in previous studies from our laboratories in which these drugs were tested at a variety of doses Choi et al., 2016b) . The doses carbenoxolone and Gap26 used in this study were based on from those used in previous studies (Roh et al., 2010; Choi et al., 2015) . The dose of BD1047 was identical to that used in previous reports from our laboratories Moon et al., 2015) . All drugs were dissolved in 10 μL of PBS (pH 7.4) and were injected i.t. as previously described . Briefly, rats were anaesthetized with 3% isoflurane in a mixture of N 2 O/O 2 gas and injection was performed when the animal did not show any voluntary movement. A 26-gauge needle connected to a 100 μL Hamilton syringe was inserted at a 45°an-gle to the vertebral column from the caudal direction immediately lateral to the L6 spinous process into the i.t. space; and then 10 μL of drug or vehicle was injected slowly over a 5 s period. A flick of the tail was considered indicative of a successful i.t. administration. Control animals received an i.t. injection of 10 μL of PBS (vehicle). Drugs were administered twice a day on post-carrageenan injection days 0 to 3 (early phase) or on post-carrageenan injection days 4 to 7 (late phase). Animals were randomly assigned to experimental groups, and subsequent drug treatment and analyses were performed blind.
Assessment of mechanical allodynia
After carrageenan injection, the degree of mechanical allodynia was measured using a 4.0 g von Frey filament (North Coast Medical, Morgan Hill, CA, USA). Based on previous studies from our laboratories, the 4.0 g filament was selected, because it normally does not elicit a behavioural withdrawal response in naïve animals when applied to the plantar surface of the hindpaw (0 or 1 withdrawals out of 10 applications) (Moon et al., 2012) . Rats were placed on a metal mesh grid under a plastic chamber, and the von Frey filament was applied 10 times from underneath the metal mesh flooring to each left (ipsilateral) or right (contralateral) hindpaw with each application separated by a 10 s interval. The number of paw withdrawal responses to each set of 10 von Frey stimuli was then counted. The results obtained from this mechanical response testing were expressed as a % of the paw withdrawal response frequency (PWF, %) for both the ipsilateral and contralateral hindpaws. PWFs were determined for all rats before carrageenan injection at day 0 to obtain normal baseline values of withdrawal response to mechanical stimuli. Rats were then tested at 3 h post-carrageenan injection on day 0 and subsequently tested again daily to determine if there were changes in PWFs over time.
Immunohistochemistry
Spinal cord immunohistochemistry was performed as previously described . Animals were deeply anaesthetized with 3% isoflurane in a mixture of N 2 O/O 2 gas and perfused transcardially with calcium-free Tyrode's solution followed by a fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The spinal cords were removed immediately after perfusion, post-fixed for 2 h and then placed in 30% sucrose in PBS (pH 7.4) 48 h at 4°C. Serial transverse sections (40 μm) of the L3-5 spinal cord region were cut using a cryostat (Leica Biosystems, Nussloch, Germany). These serial sections were preblocked with 3% normal donkey serum with 0.3% Triton X-100 in PBS at room temperature for 1 h. 
Image analysis
Image analysis was conducted as described previously . L3-5 spinal segments were mounted on slides, and three to five spinal cord sections were randomly selected from each animal. The individual sections were visualized with Eclipse TE200 confocal microscope (Nikon, Tokyo, Japan) and were analysed using a computer-assisted image analysis system (Metamorph version 7.7.2; Molecular Devices, Sunnyvale, CA, USA). To maintain a constant threshold for each image and to compensate for subtle variabilities in the immunostaining, we only counted pixels that were at least 90% brighter than the average level of each image after background subtraction and shading correction. The spinal dorsal horn was divided into the following three areas for analysis: (1) the superficial dorsal horn (SDH; laminae I and II); (2) the nucleus proprius (NP; laminae III and IV); and (3) the neck (NECK; laminae V and VI) as previously described . All analytical and quantitative procedures described above were performed blind without knowledge of the experimental conditions.
Western blot assay
After carrageenan injection, the rats were killed and the spinal cords were removed and collected to examine the potential change in the expression level of SeRa. The L3-5 spinal cord segments were extracted following laminectomy of the spinal vertebrae, and the segments were then separated into left (ipsilateral) and right (contralateral) halves under a neurosurgical microscope. The left and right dorsal quadrants of these spinal L3-5 segment halves were isolated and then homogenized in buffer containing 20 mM Tris [pH 7.5], 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mg·mL À1 aprotinin, 1 mM PMSF and 0.5 mM sodium orthovanadate. The total amount of protein in each sample was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) prior to loading on PAGs. The spinal cord homogenates (20 μg protein) were separated using 10% SDS-PAGE and transferred to PVDF membranes. After the blots had been washed with Tris-buffered saline with Tween 20 (10 mM Tris-HCl [pH 7.6], 150 mM NaCl and 0.01% Tween-20), the membranes were blocked with 5% skimmed milk for 1 h and incubated at 4°C overnight with primary antibodies specific for rabbit anti-SeRa (1:1000; Santa Cruz), rabbit anti-σ1 receptor (1:1000; Abcam), rabbit anti-Cx43 (1:2000; Invitrogen) and mouse anti-β-actin (1:5000, loading control; Sigma). After reaction with secondary HRP-conjugated antibodies (1:10 000; Santa Cruz), the bands were visualized by exposing the membrane to enhanced chemiluminescence (Amersham Pharmacia Biotech; Buckinghamshire, UK). The positive pixel area of specific bands was measured with a computer-assisted image analysis system and normalized against the corresponding β-actin loading control bands. The intensity of the control band for each blot was set to 100%, and the intensity of the experimental bands are represented relative to the control group.
Statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All data are presented as the mean ± SEM. Statistical analysis was performed using Prism 5.0 (Graph Pad Software, San Diego, CA, USA). Two-way ANOVA was performed to determine overall differences in the time course of PWF (%). Post hoc analysis was performed using the Bonferroni's multiple comparison test in order to determine the P-value among experimental groups. One-way ANOVA followed by the Newman-Keuls multiple comparison tests or Student's two-tailed t-test was used to determine differences across all experimental groups (immunohistochemistry and Western blot assay). F values for these comparisons were then calculated. A value of P < 0.05 was considered to be statistically significant.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c) .
Results
Temporal changes in the expression of ipsilateral and contralateral spinal D-serine and serine racemase in carrageenan rats
To investigate the potential involvement of spinal D-serine in carrageenan-induced inflammation, we examined the temporal changes of both D-serine and SeRa expression in the ipsilateral and contralateral spinal cord dorsal horn using immunohistochemistry to detect changes in D-serine expression and a Western blot assay to detect changes in SeRa expression. The expression of ipsilateral spinal D-serine ( Figure 1A ) and SeRa ( Figure 1B ) were both significantly increased at 3 days post-carrageenan injection as compared to that of sham animal controls. The ipsilateral PWF also significantly increased (indicating the development of mechanical allodynia) at 3 h post-carrageenan injection, and this persisted throughout the 10 day experimental period as compared to that of sham control animals ( Figure 1C ). In contrast, the expression of contralateral spinal D-serine ( Figure 1A ) and SeRa ( Figure 1B ) was only significantly up-regulated at 5 and 10 day post-carrageenan injection. Similarly, the contralateral PWF was first significantly increased on day 5 post-carrageenan injection and persisted throughout the remainder of the 10 day experimental period compared to that of sham animals ( Figure 1C) . A separate set of experiments were performed to clarify the changes in D-serine and SeRa expression at the 3 h post-carrageenan injection time point (Supporting Information Figure S1 ). The expression of ipsilateral spinal D-serine was significantly increased as compared to that of sham animal controls (Supporting Information Figure S1A ), while the expression levels of ipsilateral and contralateral SeRa was unchanged compared to that of sham animals (Supporting Information Figure S1B ).
Cellular distribution of serine racemase and D-serine in the spinal cord dorsal horn
In a separate set of experiments, we performed doublelabelling immunohistochemistry to determine the cellular distribution of SeRa and D-serine in the contralateral spinal cord dorsal horn 10 day post-carrageenan injection. The SeRa-positive cells were double stained with GFAP which is indicative of astrocytes, but not with NeuN (indicative of neuronal staining, Figure 2B3 ) or Iba-1 (indicative of microglia staining, Figure 2C3 ). By comparison, D-serinepositive cells co-localized with both GFAP ( Figure 2D3 ) and NeuN ( Figure 2E3 ), but not with Iba-1 ( Figure 2F3 ), indicating that D-serine is present in both astrocytes and neurons.
Differential involvement of ipsilateral and contralateral D-serine in the development of contralateral mechanical allodynia in carrageenan-injected rats
To determine the potential involvement of spinal D-serine in the development of mechanical allodynia, we first performed Figure 3A) . I.t. injection of 10 and 100 μg of D-serine dosedependently produced a significant increase in PWFs at 15and 30 min and 1 and 2 h post-injection compared to that of vehicle-treated rats ( Figure 3A) indicating that increases in spinal D-serine can produce mechanical allodynia. Next, to investigate the roles of ipsilateral versus contralateral spinal D-serine in the development of carrageenan-induced contralateral mechanical allodynia, we i.t. administrated DAAO (0.01 or 0.1 U) or LSOS (10 and 100 nmol) on days 0-3 post-carrageenan injection (an early time period during which ipsilateral D-serine expression is significantly upregulated, Figure 3B , C) or on days 4-7 post-carrageenan injection (a later time period when contralateral D-serine is significantly increased, Figure 3D , E). I.t. administration of DAAO 0.1 U ( Figure 3B ) or LSOS 100 nmol ( Figure 3C ) on days 0-3 post-carrageenan injection significantly blocked the carrageenan-induced increase in both the ipsilateral and contralateral PWFs compared to that of vehicle-treated carrageenan rats. However, i.t. treatment with these drugs when administered 4-7 day post-carrageenan injection had no effect on the carrageenan-induced increase in ipsilateral PWF, but it effectively suppressed the increase in contralateral PWF compared to that of vehicle-treated carrageenan rats, and this contralateral inhibition persisted throughout the remainder of the 10 day experimental period (Figure 3D , E).
Involvement of spinal σ1 receptors in carrageenan rats and the role of σ1 receptors in ipsilateral spinal D-serine expression
To clarify whether σ1 receptors can control the ipsilateral and/or contralateral spinal D-serine expression in carrageenan rats, we initially performed a Western blot analysis to investigate the temporal changes in spinal σ1 receptor 1 U on days 4-7 post-CA injection only blocked the increase in contralateral PWF (F = 2.798) but had no effect on the ipsilateral PWF. (E) Similarly, administration of LSOS 100 nmol on days 4-7 post-CA injection also significantly blocked the increase in contralateral PWF (F = 3.722), whereas the ipsilateral PWF was not affected by LSOS treatment. *P < 0.05 as compared to that of vehicle-treated normal rats (Veh). #P < 0.05 as compared to that of vehicle-treated carrageenan rats (CA-Veh).
expression. The expression level of σ1 receptors was significantly increased in the ipsilateral spinal dorsal horn at day 3 post-carrageenan injection, while contralateral σ1 receptor expression was not changed at this post-injection time point ( Figure 4A ). We next performed a separate set of experiments using both immunohistochemical and Western blot analyses to identify whether σ1 receptors affect ipsilateral spinal cord D-serine production. Spinal cord samples were collected at the 3 day time point following daily i.t. treatment with 100 nmol BD1047 from day 0-3 post-carrageenan injection, a time period when ipsilateral spinal D-serine and SeRa expression are increased. Immunohistochemical and Western blot data showed that i.t. treatment with 100 nmol BD1047 during the 0-3 day post-carrageenan injection period drastically inhibited the carrageenan-induced increase in ipsilateral D-serine expression ( Figure 4B ) and SeRa expression ( Figure 4C ) compared to that of vehicle-treated carrageenan rats. In the next experiment, immunohistochemical and Western blot analyses were performed to determine whether σ-1 receptors also control the expression of contralateral spinal D-serine. Spinal cord samples collected at the 7 day time point following i.t. treatment with BD1047 from days 4-7 post-carrageenan injection, a time period when contralateral spinal D-serine and SeRa expression are increased. Immunohistochemical and Western blot data indicate that the inhibition of σ1 receptors with BD1047 during the day 4-7 post-carrageenan injection period did not suppress the carrageenan-induced up-regulation of either contralateral D-serine ( Figure 5A ) or SeRa ( Figure 5B ) expression. Moreover, treatment with BD1047 between days 4 and 7 postcarrageenan injection had no effect on either ipsilateral or contralateral PWFs compared to that of vehicle-treated CA rats ( Figure 5C ).
The role of astrocyte gap junctions in the up-regulation of contralateral spinal D-serine expression in carrageenan-induced nociception
We next examined whether the activation of astrocyte gap junctions is responsible for the increase in spinal D-serine expression observed in the ipsilateral and contralateral spinal cord in carrageenan-injected rats. Western blot analysis showed that the expression of the astrocyte gap junctional protein Cx43 was significantly increased in both the ipsilateral and contralateral spinal dorsal horns at 5 and 10 day post-carrageenan injection ( Figure 6A ). Immunohistochemical and Western blot data from spinal cord samples collected 7 day post-carrageenan injection showed that the i.t. injection of the gap-junction inhibitor carbenoxolone (0.04 μmol) during 4-7 day post-carrageenan injection period (a time period when contralateral spinal D-serine and SeRa expression are significantly increased) blocked both the increase in contralateral D-serine expression ( Figure 6B ) and the increase in contralateral SeRa expression ( Figure 6C) . Similarly, i.t. injection of 0.1 nmol of Gap26 4-7 day post-carrageenan injection also significantly inhibited the increase in both contralateral D-serine expression ( Figure 6D ) and SeRa expression ( Figure 6E ). Furthermore, administration of either carbenoxolone or Gap26 on days 4-7 post-carrageenan injection significantly blocked the increase in contralateral PWF, while the ipsilateral PWF was not affected by either carbenoxolone or Gap26 treatment ( Figure 6F ).
In the next set of experiments, we used both immunohistochemical and Western blot analyses of spinal cord samples collected at the 3 day post-carrageenan time point to determine whether astrocyte gap junctions also control ipsilateral spinal D-serine expression. Immunohistochemical and Western blot data showed that i.t. injection of 0.04 μmol of carbenoxolone administered during the 0-3 day postcarrageenan injection period (when ipsilateral spinal D-serine and SeRa expression are increased) did not inhibit the carrageenan-induced increase in ipsilateral D-serine expression ( Figure 7A ) or SeRa ( Figure 7B) . Similarly, we found that i.t. injection of 0.1 nmol of Gap26 during the 0-3 day post-carrageenan injection period also failed to suppress the increase in both ipsilateral D-serine ( Figure 7C ) and ipsilateral SeRa ( Figure 7D ) expression.
Discussion and conclusions
Previously, we have reported that spinal astrocytes play a critical role in the development of mirror-image pain 2016a) . However, it is still not clear which astrocyte-derived factor contributes to the development of MIP nor how the expression of this factor is controlled. In the present study, we have taken an important step forward in elucidating some of the mechanistic details underlying the development of MIP. In this regard, we demonstrate that spinal astrocyte D-serine plays an important role in the development of contralateral mechanical allodynia. Moreover, we showed that the production of ipsilateral versus contralateral D-serine is modulated by different astrocytic associated mechanisms; thus, σ1 receptors induce ipsilateral D-serine production, while gap junctional communication is responsible for contralateral D-serine production.
Recent studies have demonstrated that astrocyte-derived D-serine is an important mediator that activates the NMDA receptor through the PKC-dependent phosphorylation of the NR1 subunit leading to the development of mechanical allodynia (Dieb and Hafidi, 2013; Choi et al., 2016b) . Our current results demonstrated that the expression of ipsilateral versus contralateral D-serine mimics the developmental time course of ipsilateral versus contralateral carrageenan-induced mechanical allodynia respectively. The pharmacological inhibition of D-serine or SeRa during the early time period (0-3 day post-carrageenan injection) effectively blocked the development of both ipsilateral and contralateral mechanical allodynia, while administration of D-serine or SeRa inhibitors at a later time point (4-7 day post-carrageenan injection) only blocked the development of contralateral mechanical allodynia. Moreover, immunohistochemical analyses demonstrated that the increase in both ipsilateral and contralateral D-serine expression occurred predominantly in the SDH region (laminae I and II) of the spinal cord dorsal horn. This region is a significant site of pain transmission and modulation and receives nociceptive input from skin, muscle and visceral organs and thus is important in the initial processing of nociceptive information (Gutierrez-Mecinas et al., 2017) . Thus, the early increase in D-serine in ipsilateral SDH and followed by a delayed increase in contralateral SDH suggests that the earlier increase in the ipsilateral SDH contributes to the initial development of ipsilateral mechanical allodynia, Involvement of D-serine in mirror-image pain BJP while the later increase in the contralateral SDH is associated with the delayed development of contralateral mechanical allodynia.
A number of studies have demonstrated that ipsilateral and contralateral mechanical allodynia develop through different mechanisms (Chacur et al., 2001; Radhakrishnan et al., 2003) . Carrageenan induces acute noxious inflammation in a restricted area peripherally and various algogenic substances (e.g. prostaglandins, bradykinins and cytokines) derived from the ensuing local inflammation stimulate local C-fibre nerve endings producing an immediate increase of mechanical sensitivity (Levine et al., 1993) . In this regard, the carrageenan-induced early development of ipsilateral mechanical allodynia has been reported to be induced by direct stimulation of nociceptive neurons in the ipsilateral spinal cord (Zhang et al., 2002) . Adding to the information from these studies, the present results demonstrate that ipsilateral astrocyte D-serine also plays a crucial role in the development of ipsilateral mechanical sensitivity. Therefore, we hypothesize that direct synaptic transmission between primary afferent fibre and spinal nociceptive second-order neurons in combination with the early increase in ipsilateral astrocyte-derived D-serine contribute to the development of ipsilateral mechanical allodynia.
In contrast to the ipsilateral side, the development of contralateral mechanical allodynia has been reported to be mediated centrally, but not peripherally (Sluka et al., 2001; Spataro et al., 2004) . In particular, contralateral nociception develops when the initial ipsilateral spinal cord nociceptive intensity reaches a level that induces nociceptive signal spreading to the opposite side of the spinal cord, which in turn induces both biochemical and structural changes on the contralateral side (Chacur et al., 2001; Radhakrishnan et al., 2003) . It has been shown that chemical or mechanical stimulation of astrocytes triggers elevations of free cytosolic Ca 2+ that spread through astroglial networks in the form of propagating Ca 2+ waves via astrocyte gap junctions, mainly composed Cx43, and that this is an important pathway for the signal spreading over long distances (Scemes et al., 2000; Spataro et al., 2004) . Because persistent local noxious stimulation induced by various factors (including D-serine, glutamate, ATP and cytokines) triggers Ca 2+ or IP 3 entry from the extracellular compartment into astrocytes or Ca 2+ release from intracellular Ca 2+ storage compartments (Gao et al., 2013) , the intense and long-lasting increase in intracellular Ca 2+ or IP 3 levels in ipsilateral astrocytes can be propagated along astrocyte processes and spread through gap junctions to contralateral astrocytes (Hansson, 2006) . Our present results support these studies by showing that i.t. treatment with DAAO or LSOS during the early (0-3 days) postcarrageenan injection period reduced ipsilateral mechanical allodynia and significantly blocked the development of contralateral mechanical allodynia. Conversely, when we i.t. administer DAAO or LSOS during the late phase (4-7 day post-carrageenan injection), there is a selective blockade of contralateral mechanical allodynia, implying that increased contralateral D-serine is an important factor in the development of contralateral mechanical allodynia. Collectively, the present results suggest that the increase in ipsilateral spinal cord D-serine during the earlier phase of peripheral inflammation not only plays a critical role in the development of ipsilateral mechanical allodynia but also indirectly mediates the development of contralateral mechanical allodynia by initiating the spread of astrocytic signalling to the opposite side of the spinal cord. Furthermore, our results indicate that up-regulated contralateral D-serine during the later phase of inflammation serves as a key factor that directly contributes to the development of contralateral mechanical allodynia. The σ1 receptor has been shown to play an important role in the initiation of mechanical allodynia, but not in the maintenance of mechanical allodynia Moon et al., 2013) . One mechanism by which σ1 receptors facilitate mechanical allodynia is through the regulation of D-serine expression in the astrocytes .
Previous reports from our laboratories have demonstrated that activated σ1 receptors can increase the phosphorylation of p38 mechanical allodyniaPK in astrocytes during the induction phase of neuropathic pain (Moon et al., 2013) . Therefore, these results suggest that one possible early mechanism through which activated σ1 receptors facilitate SeRa expression is via a p38-dependent pathway resulting in increased D-serine production. Moreover, it has been shown that activation of σ1 receptors increases the intracellular Ca 2+ concentration through an IP 3 -induced Ca 2+ efflux from the endoplasmic reticulum (Su et al., 2010) . Because several studies have reported that SeRa is activated by the direct binding of Ca 2+ ions (Cook et al., 2002; Baumgart et al., 2007) and that the release of D-serine is facilitated through Ca 2+ and SNARE protein-dependent pathways (Mothet et al., 2005) , it is possible that σ1 receptor-mediated increases in intracellular This hypothesis is supported by our immunohistochemical and Western blotting results performed at the 3 h postcarrageenan injection time point showing that although the expression of ipsilateral SeRa was not changed, the expression levels of ipsilateral D-serine were significantly increased compared to that of sham animals (see Supporting Information Figure S1 ). Collectively, these findings strongly suggest that early activation of the ipsilateral σ1 receptor plays as an important role in modulating ipsilateral SeRa up-regulation and consequentially D-serine production. The temporal pattern of contralateral D-serine production and SeRa expression and the mechanisms underlying the development of contralateral mechanical allodynia appear to be considerably different from that on the ipsilateral side . This implies that contralateral spinal D-serine production is controlled through different mechanisms then direct σ1 receptor activation as occurs on the ipsilateral side. The literature together with our own results suggest that the up-regulation of contralateral SeRa expression and D-serine production are caused by astrocyte gap junction-mediated Ca 2+ or IP 3 diffusion. reported to be one of the stimuli that activates JNK (Gao et al., 2013) . Furthermore, other studies have demonstrated that activated JNK can increase AP-1 activity, which in turn can up-regulate SeRa promoter activity (Wu and Barger, 2004; Barger, 2016) . Collectively, information from the literature together with the present results suggest that astrocyte gap junctional Ca 2+ waves and possibly subsequent JNK activation in contralateral astrocytes represent an important mechanism underlying contralateral SeRa up-regulation and D-serine production. However, clearly more work is required to solidify our understanding of the precise mechanisms underlying ipsilateral versus contralateral D-serine and SeRa up-regulation. Involvement of D-serine in mirror-image pain BJP
In conclusion, the present study shows that astrocyte D-serine serves as a critical mediator that plays a key role in the development of contralateral mechanical allodynia in carrageenan-induced inflammatory pain model. We also demonstrated that the expression of ipsilateral D-serine is controlled by activation of σ1 receptors and that it indirectly affects the development of contralateral mechanical allodynia. Furthermore, we showed that astrocyte gap junctions play a key role in transmitting nociceptive signals to the contralateral spinal cord and that the transmitted signals affect both contralateral D-serine expression and the development of contralateral mechanical allodynia (Figure 8 ). These novel findings provided evidence that expands our understanding of the mechanisms underlying the development of contralateral mechanical allodynia and further suggest the possibility of targeting astrocyte D-serine as a therapeutic approach to treating mirror image pain. 
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https://doi.org/10.1111/bph.14109 Figure S1 Graphs and photomicrographs illustrating the effect of intraplantar carrageenan (CA) injection on the Dserine and serine racemase (SeRa) expression in the spinal cord dorsal horn at 3 hour post-CA injection. (A) Ipsilateral D-serine expression was significantly upregulated at 3 hour post-CA (F SDH = 8.584), while contralateral D-serine expression was not changed compared to that of sham animals. (B) In contrast, the expression of SeRa was not significantly changed in either ipsilateral or contralateral spinal cord. *P < 0.05 as compared to that of sham group. Scale bar=150 μm.
